We study the effect of donor-acceptor orientation on solvent-dependent three-photon transition probabilities (δ 3PA ) of representative through-space charge-transfer (TSCT) systems -namely, doubly positively charged [2, 2]-paracyclophane derivatives. Our cubic response calculations reveal that the value of δ 3PA may be as high as 10 6 a.u., which can further be increased by a specific orientation of the donor-acceptor moieties. To explain the origin of the solvent cum orientation dependency of δ 3PA , we have calculated different three-photon tensor components using a two-state model, noting that only a few tensor elements contribute significantly to the overall δ 3PA value. We show that this dependence is due to the large dipole moment difference between the ground and excited states of the systems. The dominance of a few tensor elements indicates a synergistic involvement of π-conjugation and TSCT for the large δ 3PA of these systems.
Introduction
derivative in THF solvent was found to be 8.8 × 10 -76 cm 6 s 2 . Maiti et al. 16 have applied the 3PA technique in the field of bio-imaging of the tryptophan and serotonin molecules. Similarly, the applications [18] [19] [20] [21] of 3PA in optical limiting, short-pulse fiber communication and light-activated therapy have been demonstrated by different research groups. From a theoretical point of view, efficient theoretical/computational studies of the 3PA process of realistic systems has become possible with the implementation of cubic response (CR) 29 theory in the framework of time-dependent density functional theory (TDDFT). 30, 31 Using this approach, Cronstrand et al. [22] [23] [24] and Sałek et al. 25 have theoretically studied some larger molecular systems. Lin et al. 26 studied the effect of a solvent on the 3PA of symmetric charge-transfer molecules. As the full sum-over-states calculations are computationally very expensive, few-state models have recently been used for studying the 3PA process, but unlike the case of 2PA, a noticeable random divergence has been reported in this case. With this introductory background, it can be argued that the study of real-life 3PA applications using the hitherto existing theoretical models is limited to the calculation of 3P transition probabilities/cross-sections and is still at an early stage. In order to have a proper control of the 3PA activity of a system, several facets of this field need proper exploration.
As seen for the TPA process, [32] [33] [34] the orientation of donor-acceptor groups in a system could have profound impact on the 3PA process. In the present work, our aim is to unravel the mechanisms of the 3PA process by studying the effect of donor-acceptor orientation and that of the solvent, on a hitherto unexplored class of molecules, namely a through-space charge-transfer (TSCT) system. For this purpose, we have chosen three doubly positively charged [2, 2] -paracyclophane derivatives having different orientations of the donor-acceptor moieties. The three-photon (3P) transition probabilities and other required parameters of the first two excited states of all these systems in gas phase and in two different solvents (MeCN and tetrahydrofuran (THF)) are calculated using CR theory as implemented within TDDFT. 29 Solvent-phase CR calculations have been performed using the Polarizable Continuum Model (PCM). 35 Furthermore, the origin of this solvent cum orientation dependency have been explained using two-state model (2SM) calculations in both the gas as well as in different solvent phases.
Computational Details
Geometries of the PCP1 molecule (see Figure 1 ) in gas phase and in two different solvents (MeCN and THF) have been taken from our previous work 4 where the optimization was done at the B3LYP/6-311G (d,p) level of theory. The other two molecules were optimized at the same level of theory using the Gaussian 03 suite of programs, 36 the solvent effects in all cases described by the PCM.37 With these optimized geometries we have calculated, from the residues of TDDFT-based CR functions, the 3PA parameters for the transition from the ground to the first excited state of all systems both in the gas as well as in the two solvent phases. These calculations were performed using the CAMB3LYP 38 functional and Dunning's cc-pVDZ basis set. 39 This combination of exchange-correlation functional and basis set has been shown to work accurately in the case of the TPA of intramolecular charge-transfer molecules 6,40 and we expect it to perform well in the study of 3PA as well. For the solvent-phase calculations, the non-equilibrium formulation 35 of CR theory within PCM has been used and all the response calculations have been performed using the DALTON program package. 41 Considering the huge computational cost for calculating the 3PA transition probabilities of the systems in the solvent, we restrict this study to two solvents only, one polar (MeCN) and another of intermediate polarity (THF).
After the response theory calculations, we have reevaluated the 3PA parameters using a two-state model approach.
Results and discussion
The systems studied in this contribution are shown in Fig. 1 . We will refer to these molecules as PCP1, PCP2 and PCP3, respectively. In all molecules, -NMe 2 and -NMe 3 + are respectively the donor and acceptor groups. The two donor groups are attached to one of the benzene rings and the two acceptors are attached to the second benzene ring of the systems. This particular configuration favors the TSCT nature of the system. In PCP1, the donor moieties are placed at the (2, 5) positions whereas the acceptor moieties are located at the (3´, 6´) positions of the two rings. Similarly, in PCP2 and PCP3 the donor groups are placed at (3, 6) and (2, 6) positions and acceptors at (3´, 6´) and (3´, 5´) positions respectively. For clarity, the atom-labeling is also shown in Fig. 1 . Furthermore, to make the discussion easier, the orientation of the donor and acceptor groups in PCP1 will be marked by "×". In PCP2, the orientation of the donors and acceptors can be represented by "=", indicating that both donor moieties are placed on one benzene ring, while the acceptors are attached to the other ring. Finally, PCP3 can be symbolized by "X" and here the upper part of "X" represents the donors and the lower part the acceptors.
We first consider the one-photon absorption (OPA) process in the three systems. The OPA data as obtained using linear response theory for the first excited state of all three systems in both the gas as well as in different solvent phases are reported in Table 1 . From the table, we note that the first excited state of all three molecules is weakly OPA active in both of the two solvents as well as in gas phase. The oscillator strength (δ OPA ), which determines the strength of the one-photon transition in a system, is directly proportional to the product of the ground-to excited-state transition energy and the square of the corresponding transition dipole moment vector (µ 0f ). It is obvious from Table 1 that both of these quantities (in a.u.) have very small values for all the three molecules in both the gas as well as in the different solvent phases, making their δ OPA very small and thus the excitation is only weakly OPA active. These results are also consistent with our previous work 4 on the one-and two-photon absorption of PCP1. We have already rationalized the long-range nature of the S 0 -S 1 transition for PCP1 in our previous work. Similar to that study, we have here computed the contributions of different orbitals involved in the S 0 -S 1 transition of the three molecules and the results are given in Table 1 . The results clearly show that irrespective of the nature of the solvent, the dominant contribution to the S 0 -S 1 transition comes from the HOMO-LUMO orbital pairs for all molecules. These orbitals are depicted in
Figs. 2, 3 and 4 for the three molecules, and clearly show that the HOMO is mainly located on the donor side of the molecules whereas the LUMO is localized on the acceptor side. This reveals the TSCT nature of the S 0 -S 1 transition in all these molecules in both the gas as well as in different solvent phases.
In order to understand the nature of this transition in more detail, we have plotted the differential electron density plot between the HOMO-LUMO orbital pair for all three molecules. These plots are generated by subtracting the Gaussian cube files containing the HOMO and LUMO electron densities Table 1 . From these data, we see that irrespective of the nature of the solvent, the value of Λ for all three molecules is very small (around 0.2), which clearly indicates that the S 0 -S 1 transition in all these molecules is truly of long-range nature. We note that although the validity of DFT for studying TSCT transitions may be questioned, the reliability of the CAMB3LYP functional for TSCT transitions has been verified against CC2 calculations for transitions of the same kind as those studied here. 44 After the above OPA discussion, we now move to the 3PA process in the three molecules. However, before discussing our results, let us briefly outline the theoretical basis for our calculations. Being related to the fifth-order susceptibility, the three-photon transition probability (δ 3PA ) is a challenge for ab initio calculations. The δ 3PA of a system can be expressed in a simple manner in terms of 3P transition tensor elements (T ijk ), and for linearly polarized light this relation can be written as
Where, the factor (1/35) arises because of orientational averaging. The T ijk terms appearing in Eq.1 can be obtained from the single residue of the CR function. Alternatively, for a resonant absorption, T ijk can be expressed in terms of different components of third-order transition dipole moment vectors and the corresponding transition energies and these can easily be extracted from the residues and poles of linear (<0|µ i |n>) or quadratic (<n|µ i |m>) response functions. The relationship between T ijk , different transition moments and excitation energies is given by
where,
is the i th component of the transition dipole moment vector for a transition from the α th state to the β th state, ω α is the transition energy from the ground to the α th state, and than the other two molecules. The value of gas phase δ 3PA for PCP3 is indeed the largest value obtained in this work. When going from gas phase to solvent phase, PCP3 becomes much less 3PA active than both PCP1 and PCP2.
To understand the origin of this orientation cum solvent-dependent 3PA activity of the three systems, we can inspect the relative contributions of the different 3PA tensor elements (T ijk ). These are supplied
in Table 2 , and shows that the largest contributions in the "×" orientation (PCP1) are T yyx and T yyz both in the gas and solvent phases. Similarly, in the "=" orientation (PCP2), the largest contributions come from T xxx , T yyy , T yyx and T yyz . However, in case of the "X" orientation (PCP3), unlike the other two molecules, most of the T ijk terms contribute significantly to the overall δ 3PA values. It is important to note that if we divide the molecules in two parts (by cutting perpendicular to the C2-C3 and C6-C5 bonds, see Fig. 1 ) then in both the "×" and "=" orientation the two parts will have both donors and acceptors, but in the "X" orientation, one part will have only the two donor groups whereas the other part will have two acceptor groups. This characteristic distinguishes PCP3 from the other two systems and is probably the origin of the large solvent dependency of its 3PA activity.
In order to understand the dominance of the selective T ijk terms and the effect of donor-acceptor orientation, we have considered the sum-over-states expression of the 3PA transition probability in Eq. Table 1 , it can be noted that the magnitude of Δµ ff is much larger (more than 75 times, e.g. for PCP3 in MeCN solvent) than that of µ 0f for all the systems in both the gas and solvent phases. For PCP1 and PCP2, the x and z components of Δµ ff are very small compared to its y component. In PCP1, the y component of µ 0f is zero, and for this reason, all terms except T yyx and T yyz are very small for this system in the gas phase. The large contribution of T yyx and T yyz in PCP2 can be explained in a similar way. In PCP3, all the components of Δµ ff and µ 0f are much higher than in PCP1 and PCP2, which explains the significantly larger 3P tensor elements of the PCP3 system. The large magnitude of all the components of Δµ ff and µ 0f is due to the orientation of the donor-acceptor groups in PCP3. However, on moving from the gas phase to the solvent phases, a noticeable decrease in the value of the y component of µ 0f in PCP3 is observed, causing a significant decrease in a large number of the 3P tensor elements which, in turn, is responsible for the overall reduction in the δ 3PA values of PCP3 in THF and MeCN as compared to that of the gas phase. The solvent-dependent quenching of the chargetransfer strength in the y direction of the PCP3 molecule is evident from the differential electron density plot in Fig. 4 , which explains the origin of this anomalous solvatochromic 3PA activity of PCP3.
CONCLUSION
In conclusion, using TDDFT/CR theory and a two-state model, we have studied the effect of donoracceptor orientation on the solvent-dependent 3PA of an unexplored class of compounds, i.e. TSCT type of molecules, namely the doubly positively charged [2, 2]-paracyclophane derivatives. The results show that the gas-phase 3P transition probabilities are as high as 10 7 a.u. for a particular orientation of the donor-acceptor groups and for this orientation it decreases dramatically on going from gas to solvent phase. This orientation cum solvent effect has been analyzed by inspecting the magnitude of the dominant 3P tensor components. In the gas phase, for this specific orientation of the donor-acceptor groups, the difference in the dipole moment between the ground and excited states becomes very large, thereby allowing most of the tensor elements to contribute to the overall δ 3PA , making the "X" orientation the most favorable in terms of boosting the 3PA. However, in the solvent phases, the value of the ground-to excited-state transition moment decreases significantly for this particular orientation, 
